INTRODUCTION
The proteolytic activity of pregnancy-associated plasma protein-A (PAPP-A) was demonstrated with its isolation from medium conditioned by human fibroblasts (1) , and by recombinant expression (2) -7), and the cardiovascular system (8, 9) . Cleavage of IGFBP-5 (10) and IGFBP-2 2 by PAPP-A has recently been demonstrated, but the physiological role of these findings is currently less substantiated.
The 1547-residue PAPP-A polypeptide (11) is secreted as a disulfide bound dimer of 400 kDa (2) . required, 0.5% heptafluorobutyric acid (HFBA) was used rather than TFA as the ion pairing agent. The column was operated at 50 °C, and the eluate monitored at 220 nm. Fractions were collected manually.
For gel filtration on Superose 12 HR 10/30 (Amersham Biosciences), the column was equilibrated and eluted with 8 M urea, 20 mM ammonium acetate, pH 5.0. The flow-rate was 0.5 ml/min, the fraction size was 0.5 ml, and the eluate was monitored at 280 nm.
For cation exchange chromatography on Mono S HR 5/5 (Amersham Biosciences), the column was eluted with an increasing gradient of sodium chloride (0-1000 mM) in 8 M urea, 50 mM formic acid (pH 3.7). The total elution volume was 40 ml, the flow-rate was 0.5 ml/min, the fraction size was 0.5 ml, and the eluate was monitored at 280 nm.
For gel filtration on Superdex Peptide HR 10/30 (Amersham Biosciences), the column was equilibrated and eluted with 50% formic acid. The flow-rate was 0.5 ml/min, the fraction size was 0.5 ml, and the eluate was monitored at 280 nm.
Isolation and analysis of cysteine-containing peptides derived from PAPP-A/proMBP -First,
purified PAPP-A/proMBP complex (45 mg) in 50 mM Tris, 50 mM sodium chloride, pH 7.5 was digested (20 h) with trypsin. The digest was lyophilized, redissolved in 70% formic acid, and then degraded with cyanogen bromide. The reaction mixture was lyophilized again, and digested further (10 h) with trypsin, and then separated by gel filtration on a G50-SF column (Fig. 1) . The pools made were analyzed for the contents of cysteine (determined as Cya following performic acid oxidation) and N-acetylglucosamine (GlcN) (Fig.   1 ). The majority of cysteine was found in pool CBT-1, but this pool also contained the majority of GlcN.
Pools CBT-2 to -5 were each lyophilized, redissolved in 5 mM phosphoric acid, 25% acetonitrile, and separated by cation exchange chromatography collecting 120 fractions, as shown in Fig. 2 . The amount of cysteine in each fraction was determined, and pools of two to four fractions were further separated by RP-HPLC (Fig. 3 ). Some fractions (manually collected) contained peptides sufficiently pure for unequivocal identification by two or three of the following techniques: Compositional amino acid analysis, N-terminal sequence analysis, and mass spectrometry. However, other peptides required rechromatography (on the same column using HFBA rather than TFA as the ion pairring agent). Second, the material of pool CBT-1 (contained in 1 M formic acid) was further digested with pepsin, and then separated by gel filtration of a G50-SF (not shown). Pools of fractions 31-75 were processed as described above by cation exchange chromatography and RP-HPLC, and isolated peptides were identified. Third, since the majority of cysteine still eluted early (in fractions 18-30, corresponding to the position of pool CBT-1 of Fig. 1 ) after digestion with pepsin, this material was lyophilized, redissolved in 50 mM NaCl, 50 mM Tris, pH 8.0, digested (20 h) with thermolysin, and then separated by gel filtration on a G50-SF (Fig. 4) . Peptides in pools CBTPTL-2, -3, and -4 ( Fig. 4) were separated by cation exchange chromatography and RP-HPLC, and isolated, cysteinecontaining peptides identified.
Isolation and analysis of cyanogen bromide fragments derived from the PAPP-A/proMBP complex -
Purified PAPP-A/proMBP complex (25 mg) was degraded with cyanogen bromide, separated by denaturing gel filtration on Superose 12 HR 10/30, and then analyzed by nonreducing SDS-PAGE ( The mutated PAPP-A cDNA fragment was then swapped into the wild-type construct, pcDNA3.1-PAPP-A (14) , to generate pA-C1130A. Human embryonic kidney 293T cells (293tsA1609neo) (32) were maintained in high glucose DMEM medium supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, nonessential amino acids, and gentamicin (Invitrogen). Cells were plated onto 6 cm tissue culture dishes, and were transfected 18 h later by calcium phosphate co-precipitation (33), using 10 µg of plasmid DNA.
Plasmid constructs used for transfection were: pcDNA3.1-PAPP-A, and pA-C1130A. Recombinant proteins were analyzed by Western blotting after separation by reducing or nonreducing SDS-PAGE (3-8%). Protein was blotted onto a polyvinylidene difluoride membrane (Millipore). The blots were blocked with 2% Tween 20, equilibrated in 50 mM Tris-HCl, 500 mM NaCl, 0.1% Tween 20, pH 9.0 (TST), and then incubated with primary antibody (polyclonal anti(PAPP-A/proMBP) (23)) diluted in TST/0.5% FBS for 1 h at 37 °C. Blots were washed in TST, and further incubated with secondary antibody (P217, DAKO) diluted in TST/0.5% FBS, and then washed again with TST. The blots were developed using enhanced chemiluminescence (ECL, Amersham).
Determination of carbohydrate attachment sites of PAPP-A -Purified PAPP-A/proMBP (20 mg)
contained in 50 mM Tris, 50 mM sodium chloride, 6 M guanidine hydrochloride, pH 7.5 was reduced with 7 mM DTE, and then alkylated using 15 mM iodoacetamide. Formic acid was added to 1 M, and the protein was digested with pepsin for 12 h, dialyzed against 50 mM Tris, 50 mM sodium chloride, pH 7.5, and further digested with trypsin for 12 h. The digest was then separated by gel filtration on a Sephadex G50-SF column . GlcN-containing fractions were subjected directly to N-terminal sequence analysis, or further chromatographed on either the same column using HFBA rather than TFA for ion pairing, or on a polySULFOETHYL-Aspartamide column, as detailed above. The absence of asparagine when expected from the cDNA sequence, was taken as evidence for carbohydrate substitution. Mass spectometry of peptides substituted with carbohydrate was not attempted.
RESULTS
Isolation of disulfide bound peptides from the PAPP-A/proMBP complex -To obtain isolated disulfide bound peptides derived from the PAPP-A/proMBP complex, protein purified from pregnancy serum was digested with trypsin, degraded by cyanogen bromide, further digested with trypsin, and then fractionated by gel filtration (Fig. 1) . The early-eluting protein (pool CBT-1) contained the majority of cysteine residues, determined as cysteic acid (Cya) after oxidation ( Fig.1 ), but required further digestion for the generation of peptides suitable for analysis. However, peptides of pools CBT-2 to -5 were each separated by chromatography on a strong cation exchanger (Fig. 2 ). Fractions were pooled based on their contents of cysteine, and the peptides further separated by at least one round of RP-HPLC (Fig. 3 ). Manually collected fractions were analyzed by amino acid analysis, and the peptides of cysteine-containing fractions were analyzed further. Unequivocal identification by sequence analysis was obtained for all peptides isolated, and the identities of most peptides were confirmed by the composition analyses and mass spectra. A total of sixteen peptides, representing 36 PAPP-A cysteines and 5 proMBP cysteines, were isolated from pools CBT-2 to -5 (Table I , peptides marked 1).
The material contained in pool CBT-1 was further digested with pepsin, and fractionated by gel filtration (not shown). Pools of smaller peptides were then separated by ion exchange and RP-HPLC chromatography and identified as described above. Digestion with pepsin resulted in the isolation of five peptides containing 12 PAPP-A cysteine residues not previously isolated (Table I , peptides marked 2). As digestion with this enzyme still left a resistant protein mass (containing 77% of eluting cysteine), the early eluting fractions were pooled, further digested with thermolysin, and the resulting peptides separated by a third run of gel filtration (Fig. 4) . The majority of the cysteine now eluted as smaller peptides, and larger peptides were primarily peptides with carbohydrate substitutions, as determined by the contents of NAcetylglucosamine (GlcN) (Fig. 4) . Further analysis of peptides in pools CBTPTL-2, -3, and -4, again using cation exchange chromatography and RP-HPLC, resulted in the identification of 15 peptides with new information, containing 16 more cysteine residues of PAPP-A and 5 of proMBP (Table I, peptides marked 3). In summary, peptides representing a total of 64 PAPP-A and 10 proMBP cysteine residues were isolated in these experiments.
For some of the isolated peptides containing more than two cysteine residues, further analysis provided additional information about disulfide bonds: When peptide P3 was subjected to sequence analysis, (Table II) corresponding to two contiguous stretches covering PAPP-A residues from Glu-1 to
Met-159, confirming that the only two cysteine residues of this fragment are connected (as found with peptide P1, Table I ).
Next, the material in pool CB-1 ( Fig. 5 ) was further separated by cation exchange chromatography on a Mono S column, and fractions were analyzed by nonreducing SDS-PAGE as above (not shown). Nterminal sequence analysis showed that a fragment of 34 kDa, CNB4, contained three N-terminal sequences of peptides held together by disulfide bonds (Table II) . We conclude that in addition to cleavage after Met- (Table I) , except Cys-880 and Cys-891. Based on the size of the fragment, these residues are not engaged in PAPP-A interchain bonding (i.e. dimerization), and we conclude that Cys-880 and Cys-891 are linked to each other.
A fragment of 45-50 kDa, CNB5, showed two N-terminal sequences (Table II) . Importantly, the sequence starting at Pro-1106 confirmed the occurrence of the acid induced split at D(1105)P. The CNB5 fragment covers PAPP-A residues Pro-1106 to Met-1265 with a calculated molecular weight of 18 kDa. This suggested that one or more cysteine residues of the fragment is engaged in dimerization of the PAPP-A subunits, as carbohydrate substitution (two potential sites, see Table II) is not likely to be responsible for the difference between the observed and the calculated molecular weights. Cys-1130 is the only residue not previously isolated, and therefore responsible for dimerization of the PAPP-A subunit. The acid induced split at D(1105)P was only partial, as a 70-75 kDa variant of the fragment was also identified with a D(1105)P peptide bond still intact.
A fragment set of 70 kDa, CNB6, showed several N-terminal sequences (Table II) known to be substituted with a glycosaminoglycan at Ser-62 (35) . The fragment set thus defined contains two cysteine residues not previously isolated, Cys-247 and Cys-542, which therefore must form a disulfide bond: Four of five cysteines in the stretch from Ile-481 to Met-556 are bound to each other (P7, Table I ).
This stretch (with a calculated molecular weight of 8 kDa) migrates as part of the 70 kDa fragment set because the fifth cysteine (Cys-542) is linked to Cys-247. We cannot completely exclude, however, that CNB6 also partially includes PAPP-A residues 557-576 (19 residues, including Cys-563) due to the possibility of incomplete cleavage at Met-556/Ser-557.
Thus, analysis of the peptide fragments CNB1-6 demonstrated linkage of 6 additional PAPP-A cysteine residues, and further suggested that Cys-1130 participates in dimerization of PAPP-A (Table I, peptides marked 4). and/or thermolysin, and separated using gel filtration followed by RP-HPLC, as in the first round of digestion (not shown). Five disulfide bound peptides, of which variants had not previously been isolated, were identified (Table I, (Table III) .
Further enzymatic cleavage of cyanogen bromide treated PAPP-

DISCUSSION
We have determined the connectivity of cysteine residues of the 2:2 complex between PAPP-A and proMBP. The PAPP-A subunit contains 82 cysteine residues, of which 81 have been accounted for. We were unable, however, to locate Cys-563 in any peptide derived from the PAPP-A/proMBP complex, and therefore its status remains unknown. The proMBP subunit contains 12 cysteine residues, of which two, Cys-128 and Cys-201, were not identified. Our results, summarized in Fig. 7 , were obtained by chromatographic analyses of peptides generated by chemical and enzymatic cleavage of purified PAPP-A/proMBP complex.
In addition, our finding that Cys-1130 is responsible for dimerization of the PAPP-A subunit was verified by
showing that when Cys-1130 is mutated into alanine, PAPP-A is secreted as a monomer (Fig. 6 ). Thus, within the 2:2 complex, containing a total of 188 cysteine residues, PAPP-A is dimerized by a single disulfide bond, proMBP is dimerized by two disulfides, and each PAPP-A subunit is connected to a proMBP subunit by two disulfide bonds. All other identified disulfide bonds are intrachain bridges (Fig. 7) .
The disulfide connectivity of the majority of the cysteines was delineated to the level of single residues. However, we were unable to completely resolve the pairing of cysteines in two peptides, P7
(containing 4 cysteines), and P35 (containing 6 partially resolved cysteines) (Table I and Fig. 7 ), but cysteines of these peptides were present within relatively short sequence stretches of 30 and 42 residues, respectively.
We have also isolated peptides derived from reduced and carboxymethylated PAPP-A showing that 11 of 13 potential sites for N-linked carbohydrate are substituted (Table III) . PAPP-A is most likely not Oglycosylated, as N-acetylgalactosamine is absent from the isolated PAPP-A subunit (23) . In contrast, besides a single N-linked carbohydrate group, proMBP isolated from the PAPP-A/proMBP complex contains four O-linked glycan moieties, and one O-linked glycosaminoglycan (GAG) (35) .
The proteolytic domain of PAPP-A does not show global sequence similarity to other proteins. But based on secondary structure prediction and on the assumption that the proteolytic domain of PAPP-A has the topology common to metzincins (13), its boundaries have been tentatively located (14) . The three α-helices and five β-strands common to metzincins are all predicted within the 312-residue sequence stretch from Val-272 to Tyr-583. Our data show that two disulfide bonds, Cys-247/Cys-542, and Cys-252/Cys-577 (Table I and Fig. 7 ) bring the N-and C-terminal ends of the predicted proteolytic domain in proximity to each other, consistent with the tertiary structure of the proteolytic domain of metzincins known from crystal structures (13) . Of particular interest, the disulfide bridge connecting Cys-252 and Cys-577 could be equivalent to a salt bridge, present in two other metzincin families, which connects residues preceding the first secondary structure element (β-strand S1) with the last element (α-helix HC) (13, 14) . The predicted proteolytic domain of PAPP-A contains 14 more cysteine residues (Fig. 7 ). Of these, 12 form intradomain disulfide bonds, one connects to a cysteine residue of proMBP, and one has unidentified status (Cys-563). In contrast, the proteolytic domains of metzincins in general contain very few, if any, disulfide bonds (13) .
PAPP-A is encoded by 22 exons (Table IV) , whose relation to the amino acid sequence of PAPP-A is depicted in Fig. 7 . The 3' half of exon 2, the largest exon of the PAPP-A gene, encodes the N-terminal half of the proteolytic domain. With exon 1, the 5' half of exon 2 encodes a region of PAPP-A, designated domain N (Fig. 7) , in which a LamG-like jellyroll fold domain has recently been predicted (36) . This domain is known from several other proteins, including human sex hormone-binding globulin (37) . The LamGL domain does not make disulfide bond connection to the proteolytic domain or other regions of PAPP-A (Fig.   7 ), but association with a proteolytic domain, as evident from the gene structure, is not known from other proteins.
In contrast to the proteolytic domain, the three LNR and the five CCP modules of PAPP-A have been identified because they show weak sequence similarity to such modules in other proteins (11) . The LNR module of about 35 amino acids, including six cysteine residues and other highly conserved residues (Fig. 8) , is known from proteins related to the Notch receptor, important in signaling of cell fates (16) . It occurs as a triplication in the extracellular portion of these receptors, close to the site of ligand-induced proteolysis involved in Notch signaling, and is thought to negatively regulate proteolysis (38, 39) .
Biochemical characterization of the LNR module has been lacking, but analysis of an isolated, recombinant LNR-1 module from human Notch1 shows that in the presence of calcium ions (> 1 mM), only one disulfide isomer is formed (C1-C5, C2-C4, and C3-C6, local numbering) (Fig. 8) (40) . Interestingly, the calcium by guest on November 17, 2017
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Disulfide structure of pregnancy-associated plasma protein-A, PAGE 17 dependent folding was abolished when three conserved residues with acidic side chains (Fig. 8 ) were
individually substituted with alanine. In PAPP-A and PAPP-A2, the only other proteins containing LNR modules, LNR-1 and -2 are located together within the proteolytic domain, and LNR-3 is located near the Cterminus, in the sequence stretch designated domain C (Fig. 7) . Based on the alignment of LNR sequences (Fig. 8) , LNR-1 and -2 lack the C1-C5 disulfide, and LNR-3 lacks the C2-C4 disulfide, but the disulfide pairing observed is consistent with that of recombinant Notch1 LNR-1. Furthermore, all modules share conserved residues with the modules of the Notch-related proteins (Fig. 8) . It is unknown whether LNR-3 is located in proximity to LNR-1 and -2 in the three dimensional structure of PAPP-A, but it is tempting to speculate that it forms a functional unit with LNR-1 and -2. Interestingly, the importance of PAPP-A LNR-3 is underscored by a 100% conservation of this module between man and zebra fish (Fig. 8 ).
Our data show that disulfide bonds are formed between the first and the fifth (C1-C5, local numbering), the second and the third (C2-C3), and the fourth and the sixth (C4-C6) cysteine in each of the five CCP modules of PAPP-A. The standard CCP module (of complement proteins) contains four cysteines in a C1-C3/C2-C4 arrangement (17) , but in the PAPP-A CCPs, two additional cysteine residues are present between the first and the second of these four cysteines (11) . Thus, the arrangement of disulfide bonds known from the standard CCP module is conserved in the CCP modules of PAPP-A, but in PAPP-A, one additional disulfide bond is present in each module. Although none of the six cysteine residues of each CCP module links to neighboring domains, the domain boundaries do not coincide with exon junctions (Fig. 7) .
Interestingly, CCP modules of selectins also have six cysteine residues (41). None of these have experimentally established disulfide structure, however, but are likely to share the C1-C5/C2-C3/C4-C6 pattern with PAPP-A. For comparison, we have aligned the CCP modules of PAPP-A and PAPP-A2 with selected CCP modules from other proteins with know or unknown disulfide structure (Fig. 9) .
No other domains of PAPP-A have been identified by sequence similarity. Thus, the region between the proteolytic domain and CCP-1 (Fig. 7) , a total of about 550 amino acids corresponding to the central third of the sequence, does not share similarity with other known proteins. At least two clusters of disulfide bonds are apparent ( Fig. 7) : PAPP-A residues ≈600 to ≈800 comprise one (encoded by exons 6 and 7), and residues ≈850 to ≈1100 comprise at least one other (encoded by exons 8-13). Such clusters, in which disulfide bonds both restrain and stabilize the three-dimensional structure, may correspond to protein domains. We therefore tentatively define two central domains, M1 and M2 (see Fig. 7 ). Cys-1130, responsible for PAPP-A dimerization, is located at the very C-terminal end of M2, and Cys-652, linking to proMBP, is located at the N-terminal end of domain M1. All other cysteines, a total of 22, form disulfide bonds within domains M1 or M2. Importantly, knowledge of the pairing of cysteines will allow rational dissection of the putative domains for recombinant expression and further structural and functional studies.
In differentiating eosinophils, mature MBP is generated by proteolytic processing of proMBP (24) . It contains residues 106-222 of proMBP, and therefore 9 of the 12 proMBP cysteine residues. MBP, isolated from mature eosinophils, has two disulfide bridges and five cysteine residues with free sulfhydryl groups (Cys-107, -128, -147, -169, and -201) (26,27). In the MBP portion of proMBP, as part of the PAPP-A/proMBP complex, we here demonstrate the same two disulfides by the isolation of peptides PM3 and PM5 (Table I) In conclusion, we have delineated the connectivity of cysteine residues of the heterotetrameric PAPP-A/proMBP complex. The PAPP-A and proMBP subunits contain a total of 94 (82 + 12) cysteine residues, of which one from PAPP-A and two from proMBP were not encountered in any peptide.
Knowledge of the PAPP-A disulfide pattern may help us define domain boundaries, thereby facilitating structural studies of individual domains. Furthermore, it will allow rational experimental design of functional studies aimed at understanding the formation of the PAPP-A/proMBP complex, as well as the inhibitory mechanism of proMBP. by RP-HPLC (Fig. 3) . The material of pool CBT-1 (> 10 kDa) was further digested prior to repeated gel filtration (Fig. 4) and further peptide separation. The fractions were collected manually, and the amount of Cya in each peptide-containing fraction was determined. Amino acid analysis, N-terminal sequence analysis, and mass spectrometry identified peptides of selected fractions. The peak eluting at 15 min, corresponding to peptide P31 (Table I) The material in pool CBTPTL-1 and -2 contained the majority of the total contents of GlcN, while the majority of cysteine (Cya) eluted in fractions of pools CBTPTL-2, -3, and -4, as listed below the chromatogram. For isolation of peptides, the pools CBTPTL-2, -3, and -4 were further fractionated using cation exchange chromatography (as in Fig. 2 ) and RP-HPLC (as in Fig. 3 ) (not shown). Table I ), not previously seen as different variants. (Table I) , on analysis of larger disulfide bound fragments, as detailed in the main text. The connectivity of three cysteine residues (*) remains unresolved, as they were not contained in any isolated peptides or fragments. The middle part of the figure shows the exon structure of PAPP-A, according to the PAPP-A gene structure (Table IV) CCP-1 to -4 of human E-selectin (accession number P16581) (ESE-1 to -4) are aligned to emphasize the conservation of cysteine residues (in bold), and other, particularly conserved residues (shaded). Local numbering of cysteine residues 1 to 6 or 1 to 4 is indicated. The C1-C3/C2-C4 disulfide arrangement of the complement CCPs with four cysteine residues (including DAF) has been determined experimentally (17, 45) .
FIG. 5. Denaturing gel filtration of cyanogen bromide degraded PAPP-
In contrast, the pairing of four of the the six cysteines of selectin CCPs ( including E-selectin) has been inferred by similarity to the complement CCPs. Based on comparison with PAPP-A, which has the same number of cysteine residues, the selectin CCPs most likely share the C1-C5/C2-C3/C4-C6 pattern with PAPP-A CCPs. The disulfide pattern of PAPP-A CCPs and complement CCPs, and the predicted pattern of the selectin CCPs, is indicated with lines. The origins of the isolated peptides (1, peptides isolated from PAPP-A/proMBP complex cleaved with trypsin/cyanogen bromide/ trypsin; 2, peptides further digested with pepsin; 3, peptides further digested with thermolysin; 4, protein fragments resulting from degradation with cyanogen bromide only; 5, peptides isolated from PAPP-A/proMBP degraded with cyanogen bromide and digested with thermolysin and/or trypsin) and the combination of methods used for the identification of the isolated peptides (A, amino acid analysis (compositional); S, N-terminal sequence analysis; M, mass spectrometry; the masses of some peptides could not be determined, in some cases probably due to glycosylation) are indicated.
f Peptide P4 was generated from P3 by digestion with thermolysin. The cleavage after Asp-345 is a result of acid induced Asp-Pro cleavage (at residues 345/346), also apparent in about half of the P3 peptides. The first residue of each observed sequence is numbered, as is the C-terminal residue of each peptide (assuming complete cyanogen bromide cleavage after methionine). All sequences are derived from the PAPP-A subunit, except the last peptide of CNB6.
b Potential N-glycosylation sites within each peptide are listed. Underlining indicates that glycosylation has been confirmed by the isolation and characterization of peptides (Table III) . Residue Ser-62 of proMBP (in CNB6) is known to be substituted with glycosaminoglycan (35) . Cysteine residues identified as part of disulfide bonds in smaller peptides (Table I) are shown in bold. Cysteine residues which have not been isolated in smaller peptides are underlined. The first residue of each sequence is numbered (see footnote 3). Potential N-glycosylation sites (N-X-S/T, X not P) are underlined.
b The residue numbers of the glycosylated asparagine residue are given. Peptides were analysed by amino acid analysis and Nterminal sequence analysis. The absence of asparagine, when expected from the cDNA sequence, was taken as evidence for carbohydrate substitution. Asn-310 and Ans-1385 are potentially glycosylated, but evidence for glycosylation was not found. Based on migration in SDS-PAGE of CNB1 (Table II) , however, Asn-1385 appear to be substituted. In the published PAPP-A cDNA sequence Further chromatography of pool CBT-4: see Fig. 2 Overgaard et al. Overgaard et al. 
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